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Innova2on/Technical	  Approach/Impact	  -‐	  Mark	  Moore/NASA	  LaRC	  	  
Results:	  	  	  
	  Aero-‐Propulsive	  Wing/Propeller	  Design/CFD	  -‐	  Alex	  Stoll/Joby	  Avia7on	  	  
	  Motor,	  Controller,	  Propeller	  Development	  -‐	  Sco:	  MacAfee/Joby	  Avia7on	  	  
	  Truck	  Test	  Rig,	  Wing	  Fabrica2on	  and	  Integra2on	  -‐	  Alec	  Clark/Joby	  

Avia7on	  	  
	  Wing	  Instrumenta2on,	  Calibra2on,	  Prepara2on	  -‐	  Trevor	  Foster/ESAero	  	  
	  Power	  System,	  Safety	  Review,	  Ini2al	  Tes2ng	  -‐	  Sean	  Clarke/NASA	  AFRC	  	  

Informa2on	  Distribu2on/Next	  Steps	  -‐	  Mark	  Moore/NASA	  LaRC	  	  
Ques2ons	  -‐	  All	  
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Increasing	  wing	  loading	  is	  cri2cal	  for	  achieving	  
high	  aerodynamic	  efficiency	  at	  high	  speed	  
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•  Conduct	  aero-‐propulsive	  design	  and	  analysis	  of	  a	  highly	  
integrated	  wing-‐propeller	  system	  using	  a	  variety	  of	  CFD	  
analy:cal	  tools.	  

•  Design	  and	  fabricate	  a	  mobile	  ground	  truck	  rig	  that	  can	  
permit	  full-‐scale	  tes:ng	  with	  sufficient	  accuracy.	  

•  Develop	  and	  conduct	  component	  tests	  of	  the	  motors,	  
controllers,	  propellers,	  energy,	  and	  power	  system.	  

•  Design	  and	  assemble	  the	  instrumenta:on	  system.	  
•  Design	  the	  structure	  and	  fabricate	  the	  wing.	  
•  Integrate	  the	  nacelles,	  motor,	  controllers,	  propellers,	  

and	  onboard	  wing	  instrumenta:on.	  
•  Calibrate	  the	  load	  balance	  on	  the	  truck,	  debug	  the	  fully	  

integrated	  wing	  and	  truck	  system.	  
•  Conduct	  a	  NASA	  AFRC	  review	  to	  assure	  safe	  tes:ng.	  
•  Conduct	  ini:al	  low-‐speed	  and	  then	  high-‐speed	  tes:ng.	  	  

	  





Aero-‐Propulsive	  Wing	  and	  
Propeller	  Design	  

Alex	  Stoll,	  Joby	  Avia7on	  
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RANS	  CFD	  (STAR-‐CCM+,	  FUN3D)	   VLM	  (VSPAERO)	  

•  Higher	  order	  
•  More	  computa:onally	  expensive	  
•  Ran	  with	  mul:ple	  turbulence	  
models	  

•  Lower	  order	  
•  Inadequate	  stall	  predic:on	  
•  Good	  check	  for	  other	  analyses	  



STAR-‐CCM+	  Results	  (α=2º)	  
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•  All data are STAR-CCM+ 
results unless noted 

•  STAR-CCM+ runs use 
SST (Menter) k-ω 
turbulence model with γ-
Reθ transition model 

•  FUN3D runs use Spalart-
Allmaras turbulence 
model 



STAR-‐CCM+	  Unblown	  Wing	  
Turbulence	  Model	  Comparison	  
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Sensi:vity	  to	  V∞	  at	  300	  hp	  
(α=10º,	  STAR-‐CCM+	  results)	  
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Propeller	  Design	  
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•  Op:mized	  using	  blade	  element	  momentum	  theory	  
–  Maximize	  thrust	  in	  takeoff	  condi:ons	  
–  Remain	  unstalled	  at	  sta:c	  condi:ons	  
–  Low	  :p	  speed	  (450	  [/s)	  to	  keep	  noise	  low	  

•  Aerodynamics	  verified	  in	  CFD	  
•  Ini:ally	  3	  blades	  to	  reduce	  cost	  

	  



15	  
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5-‐Blade	  Folding	  Design	  



Propeller	  Performance	  
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Wing+truck	  analysis	  
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Motor/Controller	  Development	  
BaMery	  Development	  
Component	  Tes:ng	  

Sco:	  MacAfee,	  Joby	  Avia7on	  
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Motor	  
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Joby	  JM1	  
20	  pole	  24slot	  BLDC	  
2	  turn	  
Direct	  drive	  



Controller	  
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MGM	  Compro	  280120	  
280A,	  120V	  
Sensorless	  

	  

	  



Propeller	  
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5	  blade	  carbon	  
	  
	  

	  



BaMeries,	  Chargers	  
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32	  LiFePO4	  cells	  x6	  packs	  
180	  Ah	  	  
110	  kWh	  
	  
6x	  6kW	  power	  supplies	  to	  charge	  



Tes:ng	  
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61kts	  
12kW	  shaS	  
6500rpm	  
	  
Current	  
Voltage	  
Thrust	  
Torque	  
RPM	  

	  



Truck	  Test	  Rig	  
Wing	  Fabrica:on	  

Integra:on	  
Alec	  Clarke,	  Joby	  Avia7on	  
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Truck	  Test	  Rig	  
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•  Converted	  Peterbilt	  truck	  
•  Steel	  truss	  supports	  wing	  above	  

the	  truck	  
•  Load	  cells	  are	  mounted	  

between	  the	  wing	  and	  the	  truss	  
•  Airbag	  suspension	  isolates	  the	  

truss	  assembly	  from	  road	  
vibra:ons	  

•  Onboard	  power	  supply	  to	  run	  
the	  motors	  



Truck	  Test	  Rig	  -‐	  Outline	  
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Load Cell Attachment Point 
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Water Tank 
(Ballast) 

Air Bag 

Hydraulic 
Actuator 

Power Supply 



Load	  Cell	  Assembly	  
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Truck	  with	  Lowered	  Structure	  
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Wing	  Fabrica:on	  
•  Carbon	  fiber	  wing	  
•  Two	  skin	  design	  	  
•  Dual	  spar	  configura:on	  
•  18	  Nacelles	  

–  Motors	  
–  Heatsink	  
–  props	  

•  6	  access	  hatches	  
•  Wing	  structural	  test	  to	  	  

over	  4000	  lb	  
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Wing	  AMachment	  Rib	  
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Integra:on	  

•  Load	  cell	  assembly	  
•  Wing	  aMachment	  
•  Power	  system	  
wiring	  

•  Instrumenta:on	  
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Wing	  Instrumenta:on	  
Calibra:on	  

Tes:ng	  Prepara:on	  
Trevor	  Foster,	  ESAero	  
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Wing	  Instrumenta:on	  Design	  
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Desired	  Areas	  of	  Measurement	  	  
•  Aerodynamic	  Performance	  

–  Pressure	  strips	  for	  upper	  surface	  pressure	  distribu:on	  
–  High	  frequency	  pressure	  transducers	  for	  instantaneous	  pressure	  behind	  prop	  
–  Air	  data	  probe	  for	  airspeed	  and	  AoA	  

•  Aerodynamic	  Forces	  
–  Load	  cells	  placed	  in	  an	  force	  balance	  system	  to	  acquire	  thrust,	  drag,	  li[,	  &	  yaw	  

•  Aeroelas:city	  
–  Accelerometers	  at	  mul:ple	  loca:ons	  	  

•  Temperature	  of	  Electronic	  Components	  
–  Resis:ve	  Temperature	  Detectors	  (RTDs)	  place	  in	  key	  electronics	  for	  thermal	  monitoring	  

•  Groundspeed	  
–  GPS	  unit	  to	  monitor	  ground	  speed	  

•  Data	  Storage	  and	  Telemetry	  
–  Solid	  state	  hard	  drive	  for	  storage	  of	  video	  and	  sensor	  data	  
–  S-‐band	  antenna	  for	  telemetry	  

•  Motor/Controller	  Performance	  
–  Motor	  and	  controller	  data	  gathered	  from	  CAN	  bus	  	  



Wing	  Instrumenta:on	  
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Telectronics	  Miniature	  CAIS	  MCDAU-‐2000	  	  
	   	   	   	  (loaned	  by	  NASA	  Armstrong)	  
	  -‐Custom	  Force	  Balance	  with	  7	  Load	  Cells	  
	  -‐60	  RTD	  Temperatures	  
	  -‐120	  Pressure	  Measurements	  using	  Strip-‐A-‐Tubing	  
	  -‐8	  High	  Speed	  Transient	  Pressures	  
	  -‐3	  Uni,	  3	  Biaxial,	  2	  Triaxial	  Accelerometers	  
	  -‐Air	  Data	  Probe	  with	  Alpha	  &	  Beta	  
	  -‐Inclinometer	  
	  -‐3	  HD	  Cameras	  
	  -‐GPS,	  S-‐Band	  Transmiher	  



Wiring	  Harness	  Design	  
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EMI	  Mi2ga2on	  
-‐	  Dual	  Isolated	  Shields	  
-‐	  Harnesses	  and	  Connectors	  
wrapped	  to	  prevent	  electrical	  
contact	  with	  frame	  
-‐Sensors	  bonded	  to	  carbon	  frame	  
have	  fiberglass	  base	  layer	  	  	  	  



Early	  Valida:on	  
Instrumenta:on	  Platorm	  
•  Mass	  Simulator	  
•  Test	  bed	  for	  DAQ/Sensors	  
•  Prac:ce	  for	  truck	  drivers	  
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Ground	  Vibra:on	  Isola:on	  
•  Test	  stand	  is	  supported	  on	  truck	  bed	  by	  
4	  Firestone	  Air	  Bags	  

•  Up	  to	  6	  inches	  of	  ver:cal	  movement	  
•  Side	  to	  side	  movement	  
	  restricted	  by	  adjustable	  straps	  

•  Video	  	  
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Firestone 1T15M-2 Air Bag 
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Airbag	  Suspension	  Video	  
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Ini:al	  Results	  
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•   Video 



Power	  Control	  System	  
Safety	  Review	  
Ini:al	  Tes:ng	  
Sean	  Clark,	  NASA	  AFRC	  
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Power	  Control	  System	  	  
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CAN	  bus	  (125	  kBps,	  21	  nodes),	  Motor	  and	  BMS	  Telem.,	  Speed	  cmds	  

	  



Power	  System	  Control	  
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Safety	  Review	  
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•  11	  Safety	  and	  Asset	  Hazards	  have	  been	  iden:fied	  and	  mi:gated	  
•  Using	  the	  formal	  AFRC	  Tech	  Brief	  process	  for	  the	  Low	  Speed	  (Oceano)	  and	  High	  

Speed	  (Edwards)	  Taxi	  Tests	  
•  NASA	  SMEs	  have	  traveled	  to	  Joby	  and	  ESAero	  throughout	  the	  design,	  fab	  and	  

integra:on	  phases	  to	  par:cipate	  in	  subsystem	  reviews	  and	  procedures	  



Ini:al	  Tes:ng	  Results	  
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•  First	  sta:onary	  powered	  
tests	  of	  the	  full	  wing	  were	  
held	  in	  November	  2014,	  but	  
interference	  on	  the	  control	  
bus	  prevented	  commanding	  
to	  full	  power.	  

•  Final	  harnesses	  were	  
integrated	  and	  control	  
system	  updates	  completed	  
and	  final	  AFRC	  flight	  request	  
signed	  off	  January	  2015.	  

•  Full	  power	  tes:ng	  on	  the	  
Oceana	  runway	  started	  on	  
January	  9,	  2015.	  



Integrated	  System	  Tes:ng	  Video	  
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Early	  Test	  Results	  
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40	  mph,	  6400	  rpm	  α=10°	  
Full	  Flaps,	  Downwind	  Low	  Speed	  Taxi	  Tes2ng	  in	  Oceano,	  

CA	  is	  now	  underway;	  these	  
measurements	  were	  collected	  on	  
January	  12,	  2015	  
• Instrumenta2on	  system	  is	  75%	  
complete;	  Air	  Data	  probe,	  wing	  
surface	  pressures	  and	  GPS	  are	  not	  yet	  
integrated,	  so	  we	  can’t	  account	  for	  
winds	  on	  the	  airfield	  will	  increase/
decrease	  effec2ve	  airspeed	  (and	  
measured	  liS)	  

• Measured	  winds	  near	  the	  runway	  
were	  between	  6	  mph	  and	  8	  mph	  
during	  the	  test	  ac2vity.	  

~2
,3
00
	  lb
f	  l
iS
	  



Early	  Test	  Results	  
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Low	  Speed	  Taxi	  Tes2ng	  in	  Oceano,	  
CA	  is	  now	  underway;	  these	  
measurements	  were	  collected	  on	  
January	  12,	  2015	  
• Instrumenta2on	  system	  is	  75%	  
complete;	  Air	  Data	  probe,	  wing	  
surface	  pressures	  and	  GPS	  are	  not	  yet	  
integrated,	  so	  we	  can’t	  account	  for	  
winds	  on	  the	  airfield	  will	  increase/
decrease	  effec2ve	  airspeed	  (and	  
measured	  liS)	  

• Measured	  winds	  near	  the	  runway	  
were	  between	  6	  mph	  and	  8	  mph	  
during	  the	  test	  ac2vity.	  

40	  mph,	  6400	  rpm	  α=10°	  
Full	  Flaps,	  Upwind	  
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Informa:on	  Distribu:on	  
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•  (3)	  major	  2-‐3	  page	  ar:cles	  published	  in	  Avia:on	  Week	  and	  Aerospace	  America	  in	  2014.	  
•  A	  full	  session	  (5	  papers)	  on	  LEAPTech	  has	  abstracts	  submiMed	  for	  AIAA	  Avia:on	  2015.	  
•  IEEE	  ar:cle	  and	  Smithsonian	  Air	  &	  Space	  ar:cles	  are	  currently	  being	  wriMen.	  



Next	  Steps	  
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•  Ini:al	  tes:ng	  will	  con:nue	  at	  Oceana	  Airfield	  in	  San	  Luis	  Obispo	  
through	  the	  end	  of	  Jan	  to	  ensure	  all	  instrumenta:on	  is	  working	  well.	  

•  High	  speed	  tes:ng	  at	  typical	  General	  Avia:on	  61	  knot	  stall	  speeds	  
will	  begin	  at	  NASA	  AFRC	  in	  February.	  

•  Extensive	  failure	  mode	  tes:ng	  will	  be	  conducted	  as	  part	  of	  
developing	  a	  full	  DEP	  aerodynamic	  database	  in	  March/April.	  

•  Motor	  controllers	  will	  be	  replaced	  in	  May/June	  to	  permit	  spread	  
frequency	  and	  phasing	  acous:c	  experiments	  (providing	  an	  ini:al	  
experimental	  dataset	  to	  NASA	  TAC/TTT	  DEP	  acous:c	  research).	  

•  All	  research	  will	  provide	  significant	  value	  and	  risk	  reduc:on	  as	  this	  
research	  transi:ons	  to	  NASA	  TAC/CAS	  Convergent	  Electric	  
Propulsion	  flight	  demonstrator	  project.	  



Ques:ons?	  
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THANK	  YOU	  to	  an	  incredibly	  talented,	  
enthusias:c	  and	  energe:c	  team,	  with	  too	  

many	  researchers	  to	  list	  individually.	  
	  

Thanks	  to	  Joby,	  AFRC,	  ESAero	  and	  LaRC	  
IRAD,	  for	  cost	  sharing;	  without	  this	  we	  
never	  could	  have	  accomplished	  so	  much.	  

	  

Thanks	  to	  NARI	  for	  taking	  a	  chance	  on	  such	  
an	  aggressive	  research	  proposal	  that	  few	  
believed	  could	  be	  accomplished	  in	  1	  year.	  

	  

Thanks	  to	  the	  NASA	  TAC/CAS	  Project	  for	  
taking	  this	  research	  to	  the	  next	  stage.	  

	  

	  


